Host-seeking behaviour of Afrotropical anophelines: field and semi-field studies by Mukabana, W.R. et al.
Olfaction in vector-host interactions 181
8.  Host-seeking behaviour of Afrotropical anophelines: field and 
semi-field studies
Wolfgang R. Mukabana, Evelyn A. Olanga and Bart G.J. Knols
Abstract
The search for a synthetic mosquito attractant based on one or more human-derived kairomones 
has been the goal of many laboratory studies. Besides alleviating the occupational risk to which 
volunteers participating in vector surveillance are subjected whilst performing landing catches, 
discovery of potent attractants also underpins the development and deployment of mass 
trapping devices for controlling transmission of mosquito-borne diseases. Whereas a few potential 
synthetic attractants have recently been developed and tested, not much has been done under 
open field conditions. Odour delivery methodologies are still needed and the potency of available 
attractants is too small at present to warrant full-scale application of this technology for malaria 
vector surveillance and control. Cheap traps and trapping devices that operate energy-free or 
utilise an affordable or renewable source of energy to power them, a cheap source of carbon 
dioxide, a cheap and easy method for attractant delivery, and discovery of generic attractants 
that can trap multiple vectors need to be developed. Only then shall the potential impact of this 
technology on incidence and prevalence of various vector-borne diseases come to fruition.
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Introduction
About one million deaths and close to five hundred million clinical episodes of malaria occur 
throughout the world each year (Breman and Holloway 2007). Ninety percent of malaria-related 
deaths occur in sub-Saharan Africa (Boutin et al. 2005), mainly among pregnant women and in 
children below five years of age (Philips 2001). Malaria hampers socioeconomic development by 
interfering with savings and investment, lowering workforce productivity, promoting absenteeism, 
causing premature mortality and increasing medical costs (Sachs and Malaney 2002). This makes 
malaria-endemic countries not only poor but also associates them with lower and slower rates 
of economic growth. The global distribution of per-capita gross domestic product (GDP) shows a 
distinct correlation between malaria and poverty. The reverse is true for countries where malaria 
has been eradicated (Gallup and Sachs 2001).
Human malarias are transmitted by Anopheles mosquitoes and are caused by single or multiple 
infections of four species of Plasmodium parasites. These include P. falciparum, P. malariae, P. ovale 
and P. vivax. Recently, P. knowlesi has been reported to cause malaria in Southeast Asia (Cox-
Singh et al. 2007, Kim-Sung et al. 2009). While P. vivax is most widely distributed, P. falciparum, 
which is the most widespread Plasmodium species in sub-Saharan Africa, causes the most severe 
complications. The main vectors of malaria in Africa are mosquitoes belonging to the Anopheles 
gambiae and An. funestus complexes.
The An. gambiae complex consists of seven morphologically indistinguishable sibling species 
namely An. gambiae s.s., An. arabiensis, An. bwambae, An. merus, An. melas, An. quadriannulatus 
species A (Coetzee et al. 2000, White 1974) and An. quadriannulatus species B (Hunt et al. 1998). 
Anopheles gambiae, the nominal taxon, and An. arabiensis are the most important vector species 
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in the complex (Coetzee et al. 2000, Gillies and De Meillon 1968, Gillies and Coetzee 1987, White 
1974). The occurrence of 80% of the world’s malaria in tropical Africa (WHO 1993) is due to the 
strong human biting habits (anthropophily) and relatively long lifespan of these two species 
(Collins and Besansky1994), besides An. funestus which has similar biological characteristics. 
Anopheles gambiae is a more efficient vector because of its endophilic and anthropophilic 
characteristics (Costantini et al. 1999). The vectorial capacity of An. arabiensis is slightly lower 
than that of Anopheles gambiae because of its ability to feed on other animals when human 
hosts are not available (Gillies and Coetzee 1987). Distinct chromosomal ‘forms’ of An. gambiae, 
which are strongly associated with specific habitats, exist in West Africa. Three of these so-called 
ecophenotypes (i.e. BAMAKO, MOPTI, and SAVANNAH) have been found to occur in sympatry 
at numerous sites (Coluzzi et al. 1979). Two other members of the complex, namely An. melas 
in West Africa and An. merus in East Africa, are localised vectors depending on their levels of 
contact with people. Of the other sibling species, An. bwambae is responsible for localised malaria 
transmission among the Bambute pygmies of Bwamba in Uganda whereas An. quadriannulatus 
is not considered a vector, in spite of its competence to transmit P. falciparum (Takken and Knols 
1999). The Ethiopian population of An. quadriannulatus was recently recognised as being distinct 
(from its South African counterpart) and is designated An. quadriannulatus species B (Hunt et al. 
1998). 
The An. funestus complex consists of a group of nine species including An. funestus, An. rivulorum, 
An. parensis, An. vaneedeni, An. leesoni, An. fuscivenosus, An. aruni, An. brucei and An. confusus 
(Cohuet et al. 2004). Anopheles funestus is the main species within the An. funestus group that 
transmits malaria (Cohuet et al. 2004, Gillies and De Meillon 1968, Wilkes et al. 1996). It is endophilic 
and anthropophilic and is considered as one of the major vectors of malaria in Africa (Cohuet et al. 
2004). Whereas An. funestus, An. rivulorum, and An. leesoni are widely distributed throughout sub-
Saharan Africa, the other members of the group are more locally distributed: An. parensis and An. 
confusus are found in Eastern Africa, An. vaneedeni in the northern areas of South Africa, An. aruni 
in Zanzibar, An. fuscivenosus in Zimbabwe, and An. brucei in Nigeria. The distribution, ecological 
and behavioural aspects of the main vectors of malaria in Africa are presented in Table 1.
African malaria mosquitoes locate their blood meal hosts largely based on olfactory cues (Takken 
and Knols 1999). Physical cues, encompassing heat and moisture, also play a role that is hitherto 
not well understood (e.g. Mukabana et al. 2004, Olanga et al. 2010, Takken et al. 1997). Dissecting 
and analysing the broad spectrum of human emanations (Costantini et al. 1993) can provide 
an important basis for developing synthetic compounds or blends with desirable attractant 
(Logan and Birkett 2007), repellent or attractant ‘masking’ properties (Logan et al. 2008). Several 
compounds identified from human emanations have been demonstrated to exhibit attractant 
properties under varying experimental conditions. In this chapter we explore the extent to 
which odour baits have been employed to assess the host-seeking behaviour of African malaria 
mosquitoes under semi-field and field conditions. Emphasis is placed on studies conducted in the 
last decade, as earlier work is reviewed by Takken and Knols (1999).
Odour-mediated host-seeking behaviour of African malaria vectors in the field
Haddow (1942) was among the first to recognise the importance of host odours in the behaviour 
of African malaria vectors. He demonstrated that human body odour attracted anophelines to 
a house, and that the attraction was proportional to body mass. Since then numerous studies 
demonstrated the role of human odour in the attraction of malaria vectors (reviewed in Takken 
and Knols 1999). Few studies attempted to unravel the role of individual chemicals constituting 
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attractive odours. Carbon dioxide (CO2) was recognised as a universal mosquito attractant, 
including African anophelines (Mboera and Takken 1997). Apart from the studies that focused 
on CO2 only, the number of semi-field and field studies that have been undertaken between 
1993 and 2010 to further our understanding of odour-mediated host-seeking behaviour of 
African malaria vectors are limited (Table 2). These largely centered on understanding mosquito 
behavioural responses to crude, unrefined odour samples, mostly whole human odour (Table 2). 
Other unrefined odour bait sources that have been investigated within this period include human 
foot odour (Jawara et al. 2009, Murphy et al. 2001, Njiru et al. 2006, Olanga et al. 2010, Okumu et 
al. 2010a, Schmied et al. 2008), human breath (Knols et al. 1998, Mukabana et al. 2004) and sheep, 
goat, pig (Mahande et al. 2007), cattle (Costantini et al. 1993, 1998, Dekker and Takken 1998, 
Duchemin et al. 2001, Kweka and Mahande 2009, Kweka et al. 2009, Mahande et al. 2007, Tirados 
et al. 2006) and monkey odours (Costantini and Diallo 2001). A handful of these studies have been 
carried out in West Africa where malaria vector species, characterised by certain peculiarities 
(Costantini et al. 1999), differ in some ways from those found in eastern Africa, including the 
islands of the Indian Ocean (Duchemin et al. 2001).
Specific objectives of the studies conducted are diverse but can be grouped into four. These 
included: (1) development of mosquito sampling and surveillance tools (Costantini et al. 1993, Dia 
et al. 2005, Govella et al. 2009, Jawara et al. 2009, Knols et al. 1998, Laganier et al. 2003, Mathenge 
et al. 2002, 2004, 2005), (2) investigation of the basis of differences of attractiveness of humans 
to mosquitoes (Brady et al. 1997, Knols et al. 1995, Lacroix et al. 2005, Lindsay et al. 1993, Mboera 
et al. 1997, Mukabana et al. 2002, 2004); (3) determination of the interspecific host preferences of 
different mosquitoes species (Costantini and Diallo 2001, Costantini et al. 1998, Dekker and Takken 
1998, Duchemin et al. 2001, Kweka and Mahande 2009, Kweka et al. 2009, Mahande et al. 2007, 
Tirados et al. 2006, Torr et al. 2008) and (4) identification of chemical attractants for Afrotropical 
anophelines (Beavers et al. 1998, Costantini et al. 1996, 2001, Gibson et al. 1997, Murphy et al. 
2001, Njiru et al. 2006, Okumu et al. 2010a, Qiu et al. 2007). To date, nothing has been reported on 
the actual deployment of chemical attractants for operational mosquito control or surveillance 
in Africa.
The species of African Anopheles mosquitoes mentioned in the published studies are diverse and 
include Anopheles gambiae s.s., An. arabiensis, An. coustani, An. funestus, An. nili, An. pharoensis, 
An. quadriannulatus, An. sergenti, An. squamosus and An. ziemanni. In terms of host preference An. 
gambiae s.s. (Costantini and Diallo 2001, Costantini et al. 1993, 1998), An. funestus (Duchemin et 
al. 2001) and An. pharoensis (Costantini et al. 1998) preferred to enter human-baited over animal-
odour baited traps in dual-choice assays. This was also the case for An. arabiensis (Kweka et al. 
2009, Torr et al. 2008). However, in some cases for An. gambiae, An. arabiensis (Duchemin et al. 
2001, Kweka and Mahande 2009) and An. funestus (Costantini et al. 1998) this was the reverse. 
Carbon dioxide was identified as a cause for differences in human attractiveness to mosquitoes 
(Brady et al. 1997) and the chemical compounds 1-octen-3-ol + CO2 (Beavers et al. 1998), L-lactic 
acid + CO2 (Murphy et al. 2001), 7-octenoic acid (Costantini et al. 2001), and a blend containing 
ammonia + L-lactic acid + CO2 + 3-methylbutanoic acid (Qiu et al. 1997) attracted various African 
mosquito species in the field.
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Synthetic odour baits attractive to African anophelines under semi-field and field 
conditions
The discovery of synthetic odour baits that are capable of attracting mosquitoes much the same 
as a human being (Brady et al. 1997) can enhance the development of powerful tools for vector 
surveillance (Takken and Knols 1999) and control (Day and Sjogren 1994, Kline 2007, Logan and 
Birkett 2007, Takken and Knols 2009). Individual chemical compounds and blends thereof have 
been shown to attract African Anopheles mosquitoes under semi-field and field environments. 
The chemicals, which comprise of commonly known kairomones like CO2, carboxylic acids, 
ketones, phenols, L-lactic acid, and ammonia, are described in subsequent paragraphs. This 
chapter is restricted to semi-field and field studies on African anophelines where CO2 was tested 
in combination with crude odourants or at least one synthetic attractant (Table 2). The selection 
of candidate attractants for these studies was in many cases informed by laboratory studies, 
described in Chapter 7. 
Carbon dioxide, a major constituent of human exhaled air (300-500 ml/min.), has been identified 
as an attractant for many mosquito species including the main vectors of malaria in Africa (Gillies 
1980, Mboera and Takken 1997, Mboera et al. 1997, 2000, Takken 1991, Takken and Knols 1999). 
Gillies (1980) suggested that this compound acts as an activator, initiating flight responses, as well 
as being an attractant. There is strong evidence that CO2 acts synergistically with other chemical 
compounds to attract host-seeking mosquitoes (Dekker et al. 2002, Kline et al. 1990, Murphy et 
al. 2001, Njiru et al. 2006, Takken and Kline 1989). Indeed, addition of CO2 to traps baited with 
various synthetic compounds significantly increased catches of African anophelines including 
An. gambiae s.s. (Costantini et al. 2001, Murphy et al. 2001), An. arabiensis (Costantini et al. 2001, 
Murphy et al. 2001, Torr et al. 2008), An. quadriannulatus (Torr et al. 2008), An. funestus (Murphy et 
al. 2001), An. sergenti (Beavers et al. 1998), An. pharoensis (Qiu et al. 2007) and An. ziemanni (Qiu 
et al. 2007). In a field study in Burkina Faso, CO2 added to 7-octenoic acid significantly increased 
the number of An. gambiae s.s. and An. arabiensis attracted to odour-baited entry traps. In The 
Gambia, MM-X traps baited with a synthetic odour blend consisting of ammonia, lactic acid, 
CO2 and 3-methylbutanoic acid attracted large numbers of mosquitoes belonging to the genera 
Mansonia, Anopheles and Culex (Qiu et al. 2007). Field studies in Egypt demonstrated that CO2 plus 
1-octen-3-ol attracted similar numbers of An. sergenti as CO2 alone (Beavers et al. 1998).
Limburger cheese, the smell of which is reminiscent of human foot odour, is known to attract 
African anopheline mosquitoes under laboratory conditions (De Jong and Knols 1995, Knols 
and De Jong 1996). One field study carried out in western Kenya, using Limburger cheese in its 
original form, also demonstrated this (Owino 2006) while another, carried out in the same region 
using a synthetic analogue of the cheese, did not (Murphy et al. 2001). In these studies Limburger 
cheese odours were delivered using either MM-X counter flow geometry traps (Owino 2006) or 
CDC miniature light traps (Murphy et al. 2001). Species of African malaria mosquitoes that were 
successfully trapped using Limburger cheese in its original form included An. gambiae s.s., An. 
arabiensis and An. funestus (Owino 2006). The difference in results may be attributed to usage of 
synthetic versus authentic forms of the cheese and differences in odour delivery methodologies. 
In the case of Murphy et al. (2001), a combination of lactic acid and CO2 was the only treatment 
that significantly attracted more An. gambiae s.l. and An. funestus mosquitoes, although numbers 
caught were very low. This may be attributed to the difficulty of baiting CDC light traps, the fan 
of which disperses odours widely.
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Synthetic blends consisting of acetone, 1-octen-3-ol, 4-methylphenol and 3-n-propylphenol, 
which are components of cattle odour, have recently been used to bait mosquito electrocuting 
nets (Torr et al. 2008). Anopheles arabiensis did not exhibit a strong entry response to CO2 (0.2-2 l/
min) baited entry traps. Catches from an electrocuting target baited with either CO2 or a blend of 
acetone, 1-octen-3-ol, 4-methylphenol and 3-n-propylphenol induced overwhelmingly high An. 
gambiae s.l. landing rates (Torr et al. 2008). In a recent study, an odour blend consisting of known 
mosquito attractants namely CO2, ammonia and carboxylic acids was evaluated (Okumu et al. 
2010a; see Table 2 for compound names). Field experiments conducted inside experimental huts 
found the blend to attract three to five times more An. arabiensis than humans when the two baits 
were in different experimental huts (10-100 meters apart). However, the blend was equally or less 
attractive than humans when compared side by side within the same huts (Okumu et al. 2010a).
From the foregoing it is clear that one or more synthetic analogues of human sweat combined 
with CO2 (Costantini et al. 2001, Qiu et al. 2007) or CO2 combined with various aliphatic carboxylic 
acids (Okumu et al. 2010a) are currently the best attractants for host-seeking Afrotropical malaria 
mosquitoes under field conditions. Further research on the development of potent attractants 
needs to be carried out with the aim of (1) identifying additional candidate human specific 
odours (2) determine their optimum concentrations to attract host-seeking mosquitoes and (3) 
optimising existing synthetic odour blends.
Semi-field research on odour bait development
Historically, semi-field systems, which in essence are large outdoor screened cages, have been 
used for mosquito research in several countries and for several mosquito species (reviewed by 
Ferguson et al. 2008). Only since the late 1990s have such systems become a research tool to 
identify important kairomones for African anophelines. A major advantage of such systems is the 
fact that a fixed and controllable number of mosquitoes can be introduced in them, which delivers 
constant and comparable results. Moreover, by placing such systems directly in areas where 
malaria vectors occur in nature it is possible to rear offspring of field-collected gravid females, 
thereby ensuring that the genetic background of test mosquitoes is similar to that of the field 
population. Availability of efficient traps that can easily be baited with CO2 and other attractants, 
such as the MM-X trap (see Njiru et al. 2006) and the BGS trap (see Schmied et al. 2008) has further 
strengthened semi-field studies on anopheline host-seeking behaviour. When using two such 
traps in simple cross-over designs to account for positional effects, rapid progress can be made 
to improve baits. For instance, the recent step-wise and incremental improvement of a powerful 
blend to attract An. gambiae s.s. by Okumu et al. (2010a) started with a basic blend of CO2 and 
ammonia, and was then augmented with various concentrations of L-lactic acid, until an optimal 
concentration was found. Thereafter, each of seven aliphatic carboxylic acids was added to this 
base blend, at varying concentrations, until again the optimal increase in catch was reached. This 
approach culminated in the development of a blend that attracted 3-5 times as many mosquitoes 
than a human volunteer, when tested in experimental huts in a field setting. These developments 
clearly demonstrate the power of semi-field research, and we advocate the use of such systems 
not only for further attractant development, but also for the development of low-cost trapping 
devices, an aspect of bait-trap technology that has not received enough attention to date.
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The promise of using odour baits for malaria vector surveillance and control in 
Africa 
Although the goals of developing potent insect attractants are diverse, the central goal lies in 
vector control and surveillance (Kline 2007, Logan and Birkett 2007). With respect to mosquitoes, 
impact on target populations can be achieved through mass trapping (Anonymous 2005, Kline 
and Lemire 1998), lure and kill technology (Day and Sjogren 1994, Kline 2007) or lure and 
contaminate technology (e.g. by using biopesticides like entomopathogenic fungi). The efficacy 
of mass trapping, despite its underlying conceptual, technical, logistical and financial limitations, 
has been successfully demonstrated for mosquito population reduction in the USA (Anonymous 
2005, Kline 2007, Kline and Lemire 1998). However, this strategy is still being developed, with 
current efforts being centered on searching for new attractants and attractant formulations 
(Healy and Copland 2000, Healy et al. 2002, Okumu et al. 2010a, Qui et al. 2007), improving on 
existing ones (Smallegange et al. 2005), and developing trapping devices (Kline 2006, Kröckel et al. 
2006). Efficacy trials of candidate synthetic attractants under field (Qiu et al. 2007) and semi-field 
conditions (Njiru et al. 2006, Okumu et al. 2010a, Olanga et al. 2010) are also underway. 
In terms of surveillance the need of replacing the risk prone human landing catch for measuring the 
degree of contact between humans and mosquitoes (Service 1993) is urgent. The key challenge is 
to find synthetic attractants, which by acting as human surrogates can be used in sampling devices 
for malaria vectors (Brady et al. 1997). Whereas identification of a potent synthetic attractant will 
go a long way in helping to develop malaria vector surveillance tools and mass trapping devices, 
other challenges relate to suitable ways and means of delivering attractant odours. In the studies 
carried out thus far delivery methods of synthetic attractants included use of wicks (Murphy et al. 
2001), glass vials (Costantini et al. 2001, Qiu et al. 2007), sealed polythene sachets (Torr et al. 2008), 
and nylon strips (Okumu et al. 2010b). The use of wicks, glass vials and nylon strips has the major 
disadvantage that whereas release rates of synthetic odours can be measured by weighing before 
and after placement in the field, measurement may not be as precise, especially for compounds 
which tend to absorb water such as octenol. This is in contrast to sealed polythene sachets, 
which guarantee measurable constant release rates of synthetic attractants. However, the use of 
pressurised cylinders (Costantini et al. 2001, Qiu et al. 2007, Torr et al. 2008) or dry ice (Murphy et 
al. 2001) as delivery methods of CO2 is disadvantageous as the methods are not logistically sound. 
They are expensive and laborious for use in the field. Handy sources and more effective methods 
of delivering CO2 and other gaseous kairomones should be sought. 
Besides the disadvantages associated with odour delivery technologies, the physical gadgets useful 
for handling and dispensing attractant-impregnated materials are limiting. Field experiments 
have so far relied on using odour-baited entry traps (Brady et al. 1997, Costantini at Diallo 2001, 
Costantini et al. 1993, 1996, 1998, Dia et al. 2005, Gibson et al. 1997, Kweka and Mahande 2009, 
Kweka et al. 2009, Mahande et al. 2007, Tirados et al. 2006, Torr et al. 2008); mosquito magnet 
model X (MM-X) traps (Jawara et al. 2009, Okumu et al. 2010a, Qiu et al. 2007), CDC miniature light 
traps (Murphy et al. 2001), BGS traps (Schmied et al. 2008), electric nets (Knols et al. 1998, Torr et al. 
2008) and resting boxes (Kweka et al. 2009). Apart from the MM-X and BGS trap none of the other 
gadgets is well suited at present for delivering attractants in a desirable manner.
In general the bottlenecks that might impede the use of synthetic attractants for malaria vector 
surveillance and control in Africa include (1) lack of cheap traps and trapping devices, (2) lack 
of affordable sources of energy to power traps, (3) lack of cheaper sources of CO2, this being 
a key kairomone for many malaria vectors and may be a chemical that will remain an integral 
Olfaction in vector-host interactions 197
 8.  Host-seeking behaviour of Afrotropical anophelines: field and semi-field studies
component of attractive blends, (4) lack of cheap and easy methods for delivering mosquito 
synthetic attractants, (5) low diversity of synthetic attractants, and (6) lack of a generic attractant 
that can trap multiple vectors. 
Concluding remarks 
This chapter has focused on odour baits that have been employed to assess the host-seeking 
behaviour of African Anopheles mosquitoes under field and semi-field conditions. The reported 
findings on mosquito responses to synthetic attractants provide optimism that the search for a 
surrogate human is possible. A potent synthetic human odour will enhance the development 
of powerful mosquito trapping devices that can be exploited to increase the success of control 
programmes through forecasting epidemics accurately and for formulating, planning and rolling 
out control activities. 
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